Manufacturing organisations seek ever more innovative approaches in order to maintain and improve their competitive position within the global market. One such initiative that is gaining significance is 'through-life engineering services'. These seek to adopt 'whole life' service support through the greater understanding of component and system performance driven by knowledge gained from maintenance, repair and overhaul activities. This research presents the findings of exploratory research based on a survey of UK manufacturers who provide through-life engineering services. The survey findings illustrate significant issues to be addressed within the field before the concept becomes widely accepted. These include a more proactive approach to maintenance activities based on real-time responses; standardisation of data content, structure, collection, storage and retrieval protocols in support of maintenance; the development of clear definitions, ontologies and a taxonomy of through-life engineering services in support of the service delivery system; lack of understanding of component and system performance due to the presence of 'No Fault Found' events that skew maintenance metrics and the increased use of radio-frequency identification technology in support of maintenance data acquisition.
Introduction
As manufacturing organisations seek to sustain and increase their competitive position, the old mantra of quality, cost and delivery is relegated to the role of 'order qualifier' 1,2 with new initiatives being developed and adopted. Two such initiatives are product service systems (PSS) [3] [4] [5] [6] [7] and servitisation. [8] [9] [10] [11] PSS originally evolved as a response to environmental concerns and pressure on limited resources, but the benefits of adoption can improve competitive position. Servitisation is viewed as the process of moving from the position of pure manufacturer to that of service provider. Both these initiatives promote manufacturing organisations moving to increased levels of service offering in support of their products. Typical examples of this transition are found in the offerings of Rolls Royce and GE who manufacture aero-engines and offer availability contracting. This evolution is also observed within many market leaders (typically, MAN Trucks (cab monitoring systems), Bombardier Transportation (Orbita system), Xerox (service-based business model), John Deere (monitoring systems) and Caterpillar (monitoring systems)), all of who employ remote monitoring systems and product degradation knowledge in support of PSS type business models. This is well documented in the literature with industrial product service system (IPS 2 ) now emerging. 12, 13 IPS 2 solutions are customised applications that integrate products, services and software to deliver required defined added value that goes beyond pure functionality within an industrial background. Key elements that make such solutions distinct from PSS are the use of technology and software and its focus on the industrial sector.
The key to the success of these initiatives is the increased understanding of product performance, component, system and subsystem degradation, diagnostics, prognostics and assessment of the product's availability and remaining useful life (RUL). As companies obtain revenues based on product availability rather than single 'make and purchase' transactions, 10, 14 there emerges an ever-increasing transfer of risk to their revenue due to risk of product failure. With this business model, the manufacturer retains various levels of ownership of the product throughout its life, gaining revenues through increasing levels of service support (servitisation) and is ultimately responsible for end-of-life disposal. Underpinning this is the product support structure and infrastructure by way of the service delivery system which may be internal and/or external to the organisation.
The literature documents many elements of the whole life service delivery system in support of manufactured products. Understanding the current and future performance of the product by harvesting data from sensors while the product is 'in use' is reported in the condition-based monitoring (CBM 1 ) and health and usage monitoring systems (HUMS) literature. [15] [16] [17] [18] This is seen, for the purpose of this research article, as a subset of the integrated system health management (ISHM) and integrated vehicle health management (IVHM) approaches 19, 20 which seek a service support and management philosophy employing the use technical data gained by applied sensors in 'real time'. The data, information and knowledge gained can then be used to support 'use or maintain' decisions thus maximising availability.
In parallel with the dynamic gathering of performance knowledge, there is a plethora of performance data, information and knowledge that can be obtained from the maintenance, repair and overhaul (MRO) function within the service delivery system. This offers discrete explicit and tacit knowledge relative to component degradation and offers the potential to re-engineer components so as to improve service life and availability. 21, 22 The use of real-time performance and degradation data supported by data obtained by the maintenance shops can be said to be subsets of through-life engineering services (TES) which seek to offer technical product support for the whole life cycle of the manufactured product. TES uses this greater technical understanding to develop products that maximise their availability for use and offers decision support and costing solutions in support of sustainable solutions. While research in dynamic monitoring, diagnostics and prognostic assessment of products has been growing over the last 20 years, interest in harvesting MRO acquired data and linking it to the IVHM philosophy to develop a TES business paradigm is relatively new. This research seeks to focus on the MRO elements of the TES service delivery system.
In so doing, the research sees the aim of TES as a concept which seeks to improve value, customer satisfaction and retention through the provision of technical services which go beyond the technical capabilities to extend . quality of service . [seeking to provide the] . required and predictable performance of a complex engineering system throughout its operational life with optimum whole life costs. 23 TES as an emerging product support system serves to increase the availability for use of the manufactured product. The level of data that MRO systems provide offers the ability to 'design out' product/system fault mechanisms through effective feedback of MRO information and knowledge to both product design and manufacturing functions within the organisation.
The distinction between CBM 1 , condition-based maintenance (CBM 2 ) and condition-based management (CBM 3 ) as discussed in the literature can be confusing as they all use the same abbreviation, namely, CBM. For clarity, this article identifies the concepts by adding suffixes to the abbreviations, namely, condition-based monitoring (CBM 1 ), condition-based maintenance (CBM 2 ) and condition-based management (CBM 3 ).
Section 'Research methodology' of this article presents the research methodology used in conducting this research. The key findings are presented in section 'Key findings from the survey results' followed by discussion in section 'Discussion of the survey findings'. A summary of the key findings and discussion can be found in section 'Conclusion'. The article will show that while the literature holds 'insights' relative to TES by reference to published articles in the fields of CBM 2 , IVHM, diagnostic and prognostic technology applications and product life-cycle management (PLM), they are fragmented with no holistic study emerging. The findings of the survey also illustrate this within the practitioner base. The article identifies that that there are many issues to address in both 'hard' and 'soft' technologies relating to whole life product support. The article is a contribution to the understanding of the adoption, application and awareness of TES in support of PSS and servitisation solutions. It reports upon the exploratory stage of research relating to the characterisation of 'in-service' feedback for component design and manufacture (papers forthcoming). Finally, practitionerperceived opportunities and challenges relating to the adoption of TES are reported together with identified inhibitors to success.
Research methodology
The research methodology chosen is that of the survey. The questionnaire obtains both quantitative and qualitative data from manufacturing organisations identified as offering or intending to supply MRO activities in support of their product. The research methodology consists of four phases and is illustrated in Figure 1 .
Phase 1: literature review and questionnaire design
The literature search strategy is formulated by initially identifying the sources from which the data within the literature can be obtained, the time frame for contributions and the keywords/search strings informed by the initial articles selected. In selecting the data sources, standard library e-resources were identified by choosing 'Engineering' and 'Manufacturing and Creative Design' as top-level filters. The second-level filters chosen related to 'Reliability and Maintenance', which lead Scopus, ABI Inform, AIAA, Association of Computing Machining, Business Sources Complete, IEEE Xplore and Web of Knowledge being chosen. The time frame selected included only contributions to the literature that were between 2000 and 2013. In searching the literature, keywords and search strings emerged that had perceived relevance to TES. TES are seen as a broad concept relating to engineering product support offered by increasingly complex service delivery systems. It was therefore necessary to apply a varied number of search strings that would capture the majority of contributions to the literature. Typically, 'total health management', 'condition based maintenance', 'whole life maintenance', 'asset management', 'product life-cycle management', 'autonomous maintenance', 'intelligent maintenance' and 'informed maintenance' were used to identify relevant contributions. In addition, keywords were also applied to the databases which relate to key elements of TES. These included 'Service led design', 'Maintenance, Repair, & Overhaul', 'Maintenance Systems', 'Self-healing', 'systems integration', 'service led logistics' and 'service standards'.
An overview of the literature relative to TES and related topics forms the grounding for this research. The subsequent survey is informed by a review of the literature relative to CBM 1 , CBM 2 , CBM 3 , 15, [24] [25] [26] IVHM, [27] [28] [29] [30] prognostic and diagnostic technology application, [31] [32] [33] MRO support and knowledge management systems 34 and PLM. 35, 36 In seeking to offer a definition of TES, one sees no definitive descriptor emerging. It can be noted, however, that the enabling currency facilitating service support is knowledge. That is knowledge of the mode of use, knowledge of the degradation mechanisms applicable to the product and knowledge of mitigation and repair methods used to reduce degradation rate and finally restore design functionality. Only by acquiring and applying such knowledge can a product's service delivery system be effective. The research first asked the question 'What is knowledge?' and then went further to seek the answer to the question 'What is service knowledge?'.
The literature offers much by way of contribution relative to 'knowledge' and 'knowledge management' which is a major field of investigation, research and application in its own right. The literature defines knowledge as either tacit or explicit. 37, 38 Explicit knowledge can be articulated and codified by way of a formal language which may be textual, numeric or alphanumeric 39 and is a typical resultant from the collection of service data once a context to its acquisition is applied. Tacit knowledge by contrast is a collection of understanding and experiences which reside in the individual or the collective and has two distinct components. The technical component resides in the practical skills and product/process employed in understanding tasks by is not codified. The second element is cognitive and evolves from the beliefs and viewpoints of the individual and is difficult to disseminate.
It is suggested by this research that the capability of sharing knowledge content, context and meaning with other sources is a key enabler of servitisation, as companies adopt ever more complex service delivery systems. As the organisation moves from providing base service (product supply and spares), through everincreasing levels of service to ultimately availability contracting 14 supported by monitoring technologies, 19 the ability to develop, store and recall such knowledge becomes essential to support the product. In engineering services, the use of such knowledge facilitates change. Such change can be either a reactionary (by way of mitigation or repair) or an action resulting from prognosis based on such data, information and therefore knowledge. In consideration of these insights into knowledge, the following definition for service knowledge is offered: Service knowledge is the ability to initiate a change of state in a product or asset, facilitated by awareness of the current condition of that product or asset, its historical usage, and means of restoring the 'as designed' functionality supported by explicit (codified) and tacit knowledge of the degradation and failure mechanisms of that component. (Paper forthcoming)
The concept of service knowledge is seen as being a facilitator of product support services. The application of the above definition of service knowledge, its content and context is used to offer a definitive descriptor for TES, that being Through-life Engineering Services are the application of explicit and tacit 'service knowledge' supported by monitoring, diagnostic, prognostic technologies and decision support systems whilst the product is in use, and the application of maintenance, repair and overhaul functions to mitigate degradation, restore 'as designed' functionality, thereby maximising product availability, thus reducing whole life cost. (Paper forthcoming) In offering this definition, several questions naturally arise when considering MRO activities in support of manufactured complex engineering products throughout their life. Organisations routinely collect vast amounts of performance data while the product is in (or after) use through the application of various monitoring technologies and solutions. 15, 16, 18, 25 This is supported by both the explicit and tacit maintenance knowledge that is held within the maintenance and repair facility. This research seeks to understand how these knowledge assets are used to inform the design and manufacturing functions with a view to facilitate ever greater levels of servitisation, which in turn delivers greater product availability for use.
In seeking to gain this understanding within the UK manufacturing population identified, several top-level research questions are posed. They are as follows:
1. What are the major challenges and opportunities which relate to MRO activities across core industry sectors? 2. What are the major challenges and opportunities relative to the feedback of service knowledge to the design and manufacturing function across industry sectors? 3. How can case studies be identified and captured illustrating how both design and manufacturing issues impact upon service performance, and as a result whole life cost? 4. Can the identified challenges and opportunities be mapped to identify any future research opportunities? 5. How might the future research field support identified requirements from industry relative to TES?
These questions present the general theme of the study and the basis from which the questionnaire is designed. When reviewing the questionnaire design (see Appendix 1), it is seen that it is divided into five sections that contain a total of 40 questions. The first section seeks to identify the sector in which the respondent organisation operates, its position in the value chain and its organisational structure. In addition, information relative to the type of manufactured products offered and to whom is also sought. The second section seeks information relating to how each organisation delivers service provision to its customers (or product users) and the means by which the requirement for service is triggered. The method of recording data obtained from service activities is also sought together with requests for knowledge of the purpose and use of acquiring such data. The section also identifies the level of feedback of such data to both manufacturing and design functions within those organisations who responded. Section 'Key findings from the survey results' seeks to identify the major challenges to be overcome relative to MRO activities when seeking to inform both the design and manufacturing functions of the organisation. Section 'Discussion of the survey findings' identifies the major opportunities existing from the same perspective. The final section of the questionnaire investigates the future plans relative to the adoption of TES for each organisation and threats to the success of those plans.
Phase 2: define the scope of the survey population and mode of analysis
This research adopts the survey population defined in previously reported work 33 and is supplemented by contacts known to the researchers by way of convenience sampling. This is deemed suitable for this study when reviewing how the population was defined (Table 1) .
These search parameters were entered into the Forecasting Analysis and Modelling Environment (FAME) Ò40,41 database which currently contains the details and ownership of approximately 3,500,000 companies within the United Kingdom. The filters within the database were set to those listed in Table 1 and in addition Standard Industrial Classification (SIC) coding was used to further filter out companies who were out of the scope and focus of the study. The database returned a list of 1850 organisations that were adopted as the initial database for the survey. The mode of analysis applied to the returned data is that of descriptive statistics for the encoded quantitative data and verb analysis for the qualitative (text-rich) data. It is important to note that while the data cannot offer any inference against a mean (due to its being categorical in nature), 42 the methodology does present findings that are both informative and offer direction for future research.
Phase 3: execution of the survey
In seeking to survey all 1850 organisations returned from the FAME database, a secondary-level filter of reviewing each company website was employed. The rationale for this stage of the survey was the assumption that 'manufacturers who were actively engaged in developing .
[TES] . capabilities would exhibit evidence of this in publicly available data'. 33 While Grubic et al. 33 acknowledge that there are limitations to this approach, the method is still adopted for this study due to resource and timing constraints when conducting this phase of the research. 33 A review of all 1850 company websites sought to identify which organisations either explicitly stated that they offered 'intermediate' or 'advanced' services (and in particular TES generic services) or made statements that implied that they did, or were in the process of evolving them. Where there was doubt, the organisation was included in the final sample. This resulted in a population of 404 organisations being targeted for receipt of the questionnaire. While the 404 companies identified serve as a defined population of organisations that fit the search and filtering parameters, they are also a stratified sample of the total population of UK-based manufacturing organisations listed within the FAME database.
The questionnaire was sent to all organisations identified within the population during January 2012 and data were collated at the end of February 2012 supported by an 'open' online survey which was launched on 18 January 2012 and closed on 18 April 2012. The questionnaire was sent to managing directors, senior executives and managers within all the manufacturing organisations identified. A team of researchers and support staff conducted follow-up telephone calls to ensure that the survey had been received and to ensure that there were no difficulties that would impact upon intended completion. Upon receipt of the returned questionnaires, they were indexed and encoded to protect the identity of each respondent and facilitate ease of data input for analysis. The online survey was widely published through professional networking sites, trade bodies, government agencies (i.e. Manufacturing Advisory Board) and trade events, and the returned data were again indexed and encoded.
Phase 4: results and analysis
Resulting from the review of all the 1850 company websites identified within the survey population, 1446 (78.2%) exhibited no evidence of offering or developing TES solutions in support of their manufactured products. The remaining 404 (21.8%) of the population who do exhibit explicit or implied evidence of such offerings or the development of TES solutions are therefore the focus of analysis.
Despite follow-up telephone calls made by the research team, the return rate for the postal element of the survey proved to be disappointing with a return rate of 40.5% being achieved. This is in marked contrast to a previous response rate of 17% obtained in an earlier study investigating the adoption and use of diagnostic and prognostic technology within UK manufacturers conducted by Grubic et al. 33 Reasons recorded for this are the current national macro-economic decline of the UK economy (2011 media), significant levels of company liquidations and other miscellaneous trading conditions being cited for organisations not wishing to engage in the survey.
The on-line element of the survey, while not having the same level of statistical rigour relating to the identity and categorisation of respondent organisations, achieved a notional return rate of 17% based on an assumed sample size of 300. The purpose of the survey is to gain a 'feel' for the cross-sector challenges and opportunities identified from the practitioner perspective relating to TES. The findings will be used to inform and define further cross-sectional and longitudinal case study research initiatives. While the descriptive statistics cited within this article serve as comment relative to the practitioner viewpoint, they cannot make inference towards a mean or make assumptions relative to the total population of those surveyed. This article reports upon the findings of the on-line survey only as there is a risk of double counting should both sample sets be merged.
Key findings from the survey results
Of the 51 organisations responding to the on-line survey, 86% stated that they operated in the aerospace sector. Other sectors include defence (21%), nuclear (10%), automotive, electronics, energy, marine, oil and gas (3%) and telecom (4%). While it should be noted that several organisations state that they operate in several sectors, the data illustrate that no organisations from health or mineral extraction sectors responded although the literature does contain examples of TES applications from these sectors (quarry trucks, drilling equipment, medical scanners, etc.).
When seeking to understand the respondent organisation's position in the value chain (Question 1.2), it is seen that the majority are found to be original equipment manufacturers (OEMs) (23%) with Tier 1 suppliers (18%) and Tier 2 suppliers (16%). All the organisations state that they either manufactured complex electro-mechanical products and/or were involved within MRO activities at varying levels (Question 1.4).
In seeking to identify the customer base for the respondent organisations (Question 1.5), choices of government agencies, public/private companies or business-to-consumer (B2C) transactions were offered while leaving the option to state other relationships. The data when cross tabulated with the data obtained from Question 1.7 (a description of their industrial/commercial customers) present the following observations ( Table 2) .
It is seen that of those organisations responding, their customers are predominantly large public or private companies or government agencies with relatively few being small to medium enterprises (SMEs). The findings also show that 64.3% of respondent organisations offer in-house service operations in support of their manufactured products (Question 2.1). When wishing to know how these services are triggered (Question 2.2), 32.1% state that these are triggered by a customer request with only 7.1% stating that the manufacturing organisation initiated MRO activities themselves. The majority (60.7%) of respondents stated that they used a combination of both 'customer/user initiated' (reactive) and manufacturer (proactive) triggers to initiate maintenance and service activities. The means by which manufacturers triggered MRO activities (Question 2.3) are shown in Figure 2 .
Questions 2.4-2.7 sought to identify how each of the differing maintenance systems was delivered. The analysis of the responses applied to the qualitative 'text' data offered no clear consensus or direction. However, for 'condition monitoring systems', the keywords identified in the responses related to 'data', 'engine', 'systems' and 'information sharing'. As expected, the majority (96.4%) of all respondents stated that they did record MRO, findings and observations resulting from MRO activities (Question 2.8).
The recording of data is found to be undertaken using a variety of methods ranging from traditional paper documentation, through electronic data capture and radio-frequency identification (RFID)-related technology, to state-of-the-art remote data acquisition and recording using condition monitoring supported by telecommunication and/or satellite enabled systems (Question 2.9) (Figure 3 ).
In more advanced CBM 1 systems, the qualitative data suggest that once data have been imported into organisational design databases some businesses have the ability to immediately take advantage of the data by propagating and including it throughout the entire diagnostic (including product health management Finding 1. Although there is continuing growth cited within the literature relating to proactive MRO initiatives, the data suggest that such activities for the majority of manufacturing organisations responding to the survey appear to remain reactionary only being triggered by customer request. Finding 2: The data suggest that there is no clearly defined universal method adopted by MRO activities for the collection of data with such functions using a variety of data collection protocols and methods.
The question that naturally arises at this point is to what use are the data applied once obtained? (Question 2.10). Of the options presented in the questionnaire, 'billing' and 'spares and inventory acquisition' are found to be the most common use (29%), while 23% stated that it was used for 'usage monitoring', and 20% state that they used the data for 'assisted time based MRO systems'. Significantly no responding organisations stated that they used such data for cost modelling. This partly supports recent findings within the literature which state that 'there is presently no study on cost estimation of availability type contracts in the literature'. 43 It is suggested that subjective expert opinions are used to assess MRO life-cycle costs that are limited due to reliability of the data, and assumptions made relative to failure modes. 43 Further analysis relating to use of the data revealed that it was used for 'training purposes', 'diagnostics', 'prognostics', 'life-cycle predictions' and 'reliability analysis'. It is also significant to observe that the MRO and condition data obtained within the respondent's organisation do get fed back to both the design and manufacturing functions within the supply chain (Questions 2.10 and 2.11) (;65% of organisations responding to the survey feed data back to either design or manufacturing functions).
Finding 3. Within the organisations surveyed, the majority of organisations state that they DO feed back MRO data to their design and manufacturing functions (either in house or external). This implies that such data are technology/usage based rather than being purely commercial or administrative.
When seeking to understand the content of data fed back to the design and manufacturing functions (Question 2.14), an analysis of the textual responses illustrates that 'failure modes/categorisation' and 'performance' data were the main items fed back. It is also noted that organisations state that it helps them formulate costs. One particular response is quoted as it serves to summarise the response to this question (2.14):
. is yet to be investigated, but in short the information would . The figure records the keywords identified from the analysis of the responses and the magnitude of each word gives an indication of the frequency of occurrence with reference to the others identified. The responses suggests that there are issues with the quantity, quality and completeness of the data which require resolution while indicating that there are problems with the effectiveness of the feedback system mechanisms. One respondent states that issues arise '. from end user (symptom/usage profiles and problems) to maintenance to design/R&D' (ref: anonymised respondent). In addition, the structure and consistency of the data are seen to be a problem and there appears to be a misalignment in the requirements for MRO data and the system specifications that seek to capture the data. These issues point to a requirement for standards (and procedures) as the data state that there is need for further work relating to definitions, taxonomy and ontology to promote a common understanding. This is due to the complexity of the service (MRO) offerings and is confirmed when reviewing the responses to Question 3.2 relating to the structure of the data. The majority of comments point to a need for standards in this area and in some cases practitioners state that industry standards (where they exist) are not adhered to within MRO functions.
The data also suggest that OEMs have advanced to a level that far surpasses other organisations within their supply chains. Typically, non-OEMs lack the capital and infrastructure to pursue advanced MRO initiatives within the TES field which impedes their attempts to formulate effective feedback systems, the data content being too difficult and fragmented to bring together to enable any database to effectively drive the MRO activity. This is reflected in the literature. Such companies documented tend to the market leaders (Rolls Royce, GE, Caterpillar, Siemens, Xerox, MAN Trucks, Bombardier Trains, etc.).
Finding 4.
There appears to be a misalignment relating to the needs of the end user of MRO data (manufacturing and design functions), and the system's abilities to provide accurate and timely responses (technical and usage data) and related information. Finding 5. Challenges exist relating to the quantity, quality and completeness of data. Respondents to the survey suggest that there are too much data, it is fragmented and of poor quality in many cases and not complete. The retrieval of MRO data (Question 3.4) also presents some major challenges. Overwhelmingly, practitioners cite 'accessibility' as an issue that needs to be addressed. The data tend to be manipulated to suit individual organisation's needs with classification being unfriendly and with the data being difficult to 'drill down' and interrogate. In addition, the amount of data that can be obtained cause problems with it being held in too many locations and in too many propriety formats. Organisational system silos exist with many data still held in 30+ year systems (typically, Fortran 77, TPF, Cobol and Adabas) being common. This results in data being extremely difficult to collate and assemble into a common database from which MRO operational decisions can be made.
Finally, section 'Key findings from the survey results' of the questionnaire enquires about issues relating to data analysis. Although the majority of organisations responding (70%) stated that they possessed systems that were capable of analysing MRO data (Question 3.5), the qualitative responses to this question suggest that many organisations do not conduct any analysis of MRO data. This does not imply that respondent organisations do not feed data back to the design and manufacturing functions. Of those that did state that they analysed the data, physics-based models and finite element analysis appear to be used.
Finding 8.
Although organisations stated that they collected MRO data, its content, structure, storage and retrieval appear to be ad hoc in all but a few leading world-class OEMs. The data are unduly skewed by the existence of NNF recording within the data, the effect of which is not clear or widely known.
It is seen from the results presented that there is room for innovation within this arena. Practitioner's opinion was sought (Questions 3.6-3.8), and the returned responses were analysed. The findings of this analysis are presented in Figure 5 .
In reviewing Figure 5 , one sees an improved ability to accurately diagnose and report faults to MRO departments required which will align such data and MRO initiatives providing an augmented reality to the whole process. This is supported by standardisation within the fields of data collection and reporting. Practitioners also point to the use of RFID applications as an innovative means of data capture and reporting. Consistently, it is seen throughout the responses that the importance of CBM 1 (and management) is growing as organisations see and understand the potential advantages of this technology application. CBM 3 's ability to rapidly detect, locate, isolate and in certain cases mitigate error signals from degrading components and systems is also important to reduce NNF problems that attribute to 30%-50% of one respondent's MRO issues (source: survey respondent). The survey also identifies from a set of opportunities documented within the MRO literature practitioners' perception of which are the most important ( Figure 6 ). Figure 6 illustrates that prognostic and diagnostic capabilities are important opportunities to be addressed accompanied by the resolution to the NNF problem. The need for faster identification and response to failing/degrading products and systems is also a priority supported by CBM 3 solutions. These findings imply that the ability to reduce the MRO costs and increase mean time before failure (MTBF) through the application of efficient diagnostics and prognostics supported by the ability to inform the design process is enabler to a more efficient business model and reduced risk to revenue streams. However, given that these opportunities for the business are identified in both the literature and the practitioner base, it is interesting to note that when asked if each organisation had a formal corporate strategy to develop these areas, 47% said yes and 34% no with 18% stating that they did no know. There is no definitive response when the organisations were asked if they had a formal strategy to develop the feedback from the MRO function to either design or the manufacturing functions (;39% yes, 30% no, 30% did not know). The final section of this survey seeks to identify each organisations' future plan within the field of TES. Of those organisations that did respond, the majority (67%) expressed plans to adopt these services while 71% stated that they did have plans to use the data obtained through the MRO function to feed back into both their design and manufacturing functions. The reasons cited for pursuing these opportunities vary from being driven by external forces (Strategic Defence Review -organisations producing military equipment), to commercial interests (asset residual value, asset availability, protection of revenue streams, sharing of risk). When asked of the perceived threats to the successful achievement of these opportunities, a lack of standards, non-standard processes, consistency of purpose, aligned operational structure, culture, haphazard prognostics and short termism of investors all emerged as potential inhibitors.
Finding 10. Interest in TES continues to grow. The majority of organisations responding to the survey state that they have plans to move into TES with a greater majority stating that they have plans to extend the use of acquired MRO data and use this to inform the manufacturing and design functions within their organisation. Finding 11. While there are undoubtedly significant challenges and opportunities relating to the successful adoption of TES, the perceived threats to this successful adoption within the practitioner base responding to the survey relate to data management issues arising from lack of standards, procedures and supporting structures.
Discussion of the survey findings
The research posed several top-level questions that serve as waymarks for the ongoing study.
The major challenges and opportunities relative to MRO activities
The findings illustrate that there are many challenges to be overcome and opportunities to realise within the TES arena. The adoption of TES is driven by organisations that manufacture high-value complex products and hold a position at high end of the value chain (Findings 1 and 2 ). This concurs with the literature. [44] [45] [46] When looking at the cited contributions relative to CBM, IVHM, HUMS and PLM, one sees that all the products can be seen to be complex mechanical, electro- mechanical high-value offerings. 47, 48 Although the majority of organisations responding to this survey state that they have an interest in TES, their actions, with a few exceptions, appear to still be reactionary (Finding 3). This is in contrast to the literature that presents a proactive approach.
12,13,49, 50 Lee et al. recognises this issue when stating that organisations '. still employ traditional maintenance strategies that do not consider the true condition of the equipment'. 51 The nature, structure, content and context of the MRO data collected are also worthy for further investigation. Data storage and management systems through effective portals and platforms are also revealed as a problem within those organisations taking part in this research. Some databases are not integrated and have evolved in a fragmented way resulting in silos of data existing in differing formats causing major issues when seeking to merge data to obtain knowledge of performance from which MRO decisions can be made based on prognostic techniques. This is an issue with MRO operations dealing with legacy systems. By contrast, however, in some of the major OEMs, it is seen that technology applications such as telecommunications, sensors, decision support and RFID are enabling state-of-the-art condition management solutions to develop.
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The major challenges and opportunities relative to in-service feedback to design and manufacturing functions
The majority of organisations answering the questionnaire state that they do feed back MRO data to their design and manufacturing functions (Finding 4) and service supply chain. The findings suggest, however, that the majority of the data are used for administration, commercial, financial and or statutory use (statutory Health and Safety Executive and insurance inspections, etc.). This implies there is little product/ process re-engineering taking place employing the MRO data in a significant proportion of organisations responding to the survey. This observation is surprising. The literature is full of examples that cite the benefits of CBM, HUMS and IVHM data use and how it may be used to mitigate risk to revenue streams for companies competing by offering advanced services. One only has to watch F1 racing to see how condition monitoring can and does affect product design and manufacturing processes. Interestingly, while F1 teams were identified within the population, none responded to the survey. However, the literature is not so forthcoming with examples of how MRO acquired data, Although there is continuing growth cited within the literature relating to proactive MRO initiatives, the data suggest that such activities for the majority of manufacturing organisations responding to the survey appear to be mainly reactionary, only being triggered by customer request.
2.
The data suggest that there is no clearly defined universal method adopted by MRO activities for the collection of data with such functions using a variety of data collection protocols and methods. 3.
Within the organisations responding to the survey, the majority of organisations state that they do feed back data to their design and manufacturing functions (either 'in house' or external). This implies that such data are technology/usage based rather than being purely commercial or administrative.
4.
There appears to be a misalignment relating to the needs of the end user of MRO data (manufacturing and design functions) and the system abilities to provide accurate and timely responses (technical and usage data) and related information.
5.
Challenges exist relating to the quality, quantity and completeness of data. Respondents to the survey suggest that there are too much data, they are fragmented and of poor quality in many cases and seldom complete. 6.
Within the MRO field relating to TES, there are no clear definitions, ontology or taxonomy which can assist in the categorisation of data, information and ultimately knowledge. 7.
There are issues relating to incomplete understanding of product and component performance due to intermittent failures and NNF error signals in MRO systems. This skews the data and can affect decisions relating to MRO strategies. 8 Although organisations stated that they collected MRO data, its content, structure, storage and retrieval appear to be ad hoc in all but a few leading world-class OEMs. The data are unduly skewed by the existence of NNF recording within the data, the effect of which is not clear or widely known. 9.
Condition-based monitoring/management and RFID technology are identified as being key opportunities within the field of TES. 10
Interest in TES continues to grow. The majority of organisations responding to the survey state that they have plans to move into TES with a greater majority stating that they have plans to extend the use of acquired MRO data and use this to inform the manufacturing and design functions within their organisation. 11.
While there are undoubtedly significant challenges and opportunities relating to the successful adoption of TES, the perceived threats to successful adoption within the practitioner base responding to the survey relate to data management issues arising from the lack of standards and supporting procedures. information and knowledge may be used to inform design. The research identifies that although there are silos containing examples of the use of MRO data feedback, the systems and data that are used are misaligned to the needs of the user (Finding 5). The data are said to be too rich, there are too much of it, and they are fragmented and not specific to the needs of the manufacturing and design functions. In addition, the systems used to acquire and categorise the data are not of bespoke design for the purpose required (Finding 6). This is propagated by the lack of a clear set of standards, definitions, ontology and taxonomies relating to TES which can assist in the categorisation of data, information and eventually knowledge (Finding 7).
The existence of intermittent faults and signal errors is also said to cause both confusion and this skews the data preventing accurate analysis of frequency and occurrence. This has a direct impact on the formulation of effective MRO strategies (Findings 8 and 9 ).
The use of case studies to inform design and manufacturing impact upon service performance and how future research in the field may identify requirements from industry relative to TES
The survey findings lead to the identification of several future opportunities for future research within the field of TES. When practitioners were asked to indicate their perception of which opportunities as identified from the literature were of the greatest importance (Question 34), the data returned are presented as a cross-sector analysis ( Figure 7) . In looking at the trends, it is immediately observed that the greatest number of responses originate from the aerospace sector. Although the profiles vary in magnitude across sectors, it is seen that they, while exhibiting variance, follow a similar trend. Of those sectors reported, it is seen that in the aerospace sector prognostics is seen as the greatest opportunity followed by a reduction in MRO lead times, the ability to inform design and closer customer integration. This, however, is hardly surprising as such integration would be required if access to both condition and usage data is to be obtained through which meaningful product performance and MRO knowledge can be developed. The defence and electronics sectors exhibit similar trends with NFF issues being identified as being of increased interest within the electronics, defence and aerospace sectors.
In reviewing the findings, there are several opportunities to develop case studies based on organisations that are at the forefront of TES adoption and also those who are just moving into the servitisation route by adoption of such technical solutions. It is seen from both the literature and the survey that for all but a few leading organisations, TES is a reactionary response to market pressure and not a proactive initiative although this is changing (Finding 1). Further work can be undertaken in this area to understand the drivers and inhibitors to the adoption of TES from a point of the service delivery system and aligned operations strategy formulation. This article focuses on the MRO activities that can support and facilitate an effective through-life service delivery system while acknowledging that there are many other dimensions to product support, both technical and structural. Typically, case studies could be undertaken within the field of MRO data harvesting, sorting and trending (Finding 2). Organisations responding to the survey state that the issue is that there are too much data and that most of them can be described as 'noise' (Finding 5). This is seen when reading research initiatives relating to 'Big Data' and the need for systems that can handle, sort and trend such data. Data are of itself inert and a pure record of an event. It needs a context before it can become useful information, and further development before it can be classed as knowledge. There are many opportunities that exist in order to address this which include the development of efficient algorithms that can collect, sort and present the right data while rejecting noise. Furthermore, within the MRO world, a significant source of data comes from text-rich qualitative sources that are not codified. The codification of data limits reporting of maintenance activities at the point of collection by offering preselected classifications. Upon review of such records, it is seen that there is clearly a need to develop software tools that have the ability to capture such data, trend and self-learn the ontology of failure.
Supporting such initiatives is a need to develop a standard ontology and taxonomy of MRO activities and degradation mechanisms to avoid developing systems in silos (Findings 6 and 11). Such solutions should also be able to interface with existing commercially available systems for trending (i.e. failure reporting, analysis and corrective action system (FRACAS)) and business systems (SAP and PLM platforms). This illustrates the needs for standards within this arena which cover the data content, structure and context for given sectors, applications, reporting and degradation classifications (Finding 11). Such standards should also cover the system architecture that is to be developed.
Conclusion
This research seeks to gain understanding of the level of adoption and use of TES within UK manufacturing organisations. While the literature holds insights into the content, issues and challenges surrounding TES (CBM 1 , CBM 2 , CBM 3 , IVHM, ISHM, PLM, MRO and asset management literature), such contributions are fragmented and discursive with no holistic study emerging. This was identified by Grubic et al. 33 TES is an evolution of service support which seeks to address this issue. The literature relative to the service support of high-value complex manufactured products appears to have two dimensions. First, there is the 'in use' or 'as operated' dimension. This focuses on CBM 1-3 , IVHM and ISHM technology applications which seek to monitor product condition in real time (or close to real time) and make diagnostic and prognostic decisions relative to operating condition and the remaining operating life prior to the need for service intervention due to the degradation of operating parameters. The literature holds a plethora of contributions relative to these initiatives which discuss engineering, technical, business applications, challenges and opportunities. The second dimension is that of the MRO function. Here, the product has arrived at the MRO facility, is stripped down, fault diagnosis and repair sentencing are conducted, activities to restore the 'as designed' operating condition are undertaken and the return to service is achieved. The activities in both these dimensions are conducted throughout the operating life of the product, but the literature makes little attempt to address this total service support as a single entity. The findings of this survey suggest that this is true within the practitioner population questioned when one reviews the findings reported.
TES is offered as a concept that is the sum of these two dimensions, the aim of which is presented in section 'Introduction' of this article with a definition presented in 'Phase 1: literature review and questionnaire design' which is grounded in the literature (see section 'Acknowledgements').
This exploratory research identifies that there are many issues to address in both the hard and soft technologies relating to this whole life product support. The data suggest there to be little in the way of standardisation within the field of TES with no universally accepted definitions, ontology or taxonomy. Research seeking to address these issues is only just emerging. Furthermore, it would appear that an improved understanding of how data obtained from MRO activities and condition monitoring can be used to design out product degradation is required. There is a clear need to close the 'product life-cycle information loop' and develop service experience led design. This is also true of product faults induced by the manufacturing process. The effect and presence of NFF error signals are also of concern as it is stated that such events skew the data when analysing levels of occurrence. Such events prove costly due to the MRO resources that they consume and also investigation initiatives that they instigate. The findings of this research give insight into the current position relative to TES and the opportunities that should be pursued. It also illustrates the challenges that are to be overcome when seeking to adopt TES enabled by MRO data capture and feedback in order to facilitate an IPS 2 . Ongoing and future research opportunities relate to developing an in-depth understanding of the issues identified within this exploratory research. The survey data have identified organisations that are well advanced in the application of TES, both as a means of mitigation for component degradation and failure, and that of a facilitator for product service solutions by way of availability contracting. Typically, it is suggested that such future work could include the following:
1. The development of standards and procedures specifically within the field of TES which relate to other existing and emerging service standards. 2. The development of a clearly defined universal method and system architecture for the harvesting and analysis of MRO data should be developed. 3. There is a requirement for clear ontologies, taxonomies and definitions which are component, feature and failure mode generic and can be applied across sectors.
4. The development of standard system architectures to capture data, information and knowledge, which could effectively interface with existing software portals. In particular, systems such as FRACAS for trending data and the interface of such system architectures with SAPP generic business systems should be investigated. 5. Several respondents to the survey stated that the trending of data was often skewed by the occurrence of NFF error signals within the data.
Research should be continued in this area to increase understanding of these issues and their causes. All these opportunities for further research involve both applied science to develop innovative solutions, and both longitudinal and lateral case studies by way of verification and validation. tions surveyed. This article presents the findings of an exploratory survey only. 
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Thank you for completing this survey.
Once the data have been analysed all respondents will receive a copy of the findings by way of an executive report and an invitation to attend Cranfield University to hear the findings presented in a symposium relating to Through-life Engineering Services
